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SUMMARY 


Experiments  were  performed  to  compare  the  friction  and  wear  behavior  of  aluminum 
and  composite  materials  under  conditions  similar  to  the  loadings  experienced  by  skin 
panels  on  the  underside  of  a  transport  airplane  during  an  emergency  belly  landing. 
Small  skin  specimens  were  constructed  of  aluminum,  standard  graphite-epoxy  composite, 
aramid-epoxy  composite,  and  toughened-resin  composites.  These  specimens  were  abraded 
at  a  range  of  pressures,  abrasive-surface  textures,  velocities,  and  fiber  orienta¬ 
tions.  In  addition,  a  temperature-time  history  was  obtained  by  imbedding  thermocou¬ 
ples  in  one  set  of  specimens  and  abrading  them  for  a  specified  time. 

Comparisons  of  the  materials  were  made  based  on  coef f icient-of-f riction  data  and 
the  wear  rate  (defined  as  the  loss  of  thickness  per  unit  of  run  time)  as  a  function 
of  the  test  variables.  The  composite  materials  exhibited  wear  rates  5  to  8  times 
higher  than  the  aluminum,  with  the  tougi.ened-resin  composites  having  the  highest  wear 
rates  under  identical  test  conditions.  The  wear  behavior  was  a  linear  function  of 
pressure,  surface  texture,  velocity,  and  fiber  orientation.  The  coefficient  of  fric¬ 
tion  of  each  material  was  independent  of  the  test  variables.  The  standard  graphite- 
epoxy  composite  had  a  coefficient  of  friction  (0.10  to  0.12)  approximately  half  that 
of  aluminum  (0.20),  whereas  the  aramid-epoxy  and  toughened-resin  composites  had 
coefficients  of  friction  about  the  same  as  aluminum.  Results  of  the  temperature 
tests  indicate  the  temperature  of  the  skin  specimens  remained  fairly  constant  during 
the  first,  seconds  of  abrasion,  then  increased  rapidly  in  a  highly  nonlinear  manner. 
Aluminum  exhibited  the  highest  rate  of  increase  in  temperature  and  reached  the  high¬ 
est  temperature  of  the  materials  tested  during  abrasion  tests  at  a  specified  time. 

INTRODUCTION 

Composite  materials  are  gaining  increased  use  in  the  airplane  industry  because 
of  their  excellent  mechanical  properties,  tai lorabi lity,  and  light  weight.  Much 
research  has  been  concentrated  on  composite  structures  to  determine  their  strength 
capabilities  and  to  characterize  failure  mechanisms,  damage  tolerance,  and  fatigue 
life.  These  eCfo/ ts  have  led  to  an  understanding  of  how  composite  structures  perform 
under  in-flight  conditions.  In  addition,  researchers  are  investigating  the  response 
of  composite  and  aluminum  structures  to  dynamic  impact  loadings.  The  goal  is  to 
evaluate  and  improve  the  energy  absorption  of  composite  structures,  thereby  enabling 
designers  to  build  safer,  more  crashworthy  airplane. 

One  consideration  which  can  be  important  in  the  design  of  crashworthy  airplane 
is  the  abrasion  and  wear  behavior  of  the  skin  material.  In  the  last  5  years  at  least 
a  dozen  transport  airplane  have  experienced  collapse  of  the  landing  gear  leading  to 
sliding  landings  on  runway  surfaces  (ref.  1).  Typically,  these  transport  airplane 
slide  4000  to  5000  ft  with  touchdown  velocities  of  approximately  140  mph.  In  some 
sections  of  the  airplane,  wear  damage  to  the  aluminum  skin  is  considerable,  although 
it  is  usually  repairable.  The  anticipated  increase  in  the  use  of  composite  materials 
in  the  airplane  industry  raises  the  question  of  how  transport  airplane  with  composite 
skins  would  behave  under  these  circumstances  as  compared  with  current  aluminum 
construction . 


This  paper  describes  an  investigation  of  the  friction  and  wear  behavior  of  small 
skin  specimens  under  abrasive  loading  conditions  similar  to  those  experienced  on  the 
underside  of  a  transport  airplane  during  an  emergency  belly  landing.  A  test  appara¬ 
tus  was  designed  which  used  a  standard  belt  sander  to  provide  the  sliding  surface. 

The  test  apparatus  was  equipped  with  a  load  cell  capable  of  measuring  the  frictional 
forces  developed  during  abrasion.  Small  test  specimens  constructed  of  aluminum, 
standard  yraphi te-epoxy  composite,  aramid-epoxy  composite,  and  toughened-resin  com¬ 
posites  were  tested  at  a  range  of  pressures,  belt  velocities,  and  belt-surface  tex¬ 
tures.  The  effects  of  these  test  variables  on  the  wear  rate  and  on  the  coefficient 
of  friction  are  discussed  and  comparisons  arc  made  between  the  composite  materials 
and  aluminum.  The  effect  of  fiber  orientation  in  the  composite  materials  on  wear 
rate  was  also  investigated.  In  addition,  one  series  of  tests  was  performed  in  which 
thermocouples  were  imbedded  in  the  various  test  specimens  to  obtain  temperature-time 
histories  during  abrasion. 


TEST  APPARATUS  AND  PROCEDURES 
Equipment 

Apparatus .-  The  apparatus  used  to  perform  abrasion  tests  on  composite  and  alumi¬ 
num  skin  specimens  is  shown  in  figures  1  and  2.  A  belt  sander  fitted  with  a  6-in.  by 
48-in.  aluminum  oxide  belt  provided  the  sliding,  abrasive  surface.  Test  specimens 
were  held  in  place  by  a  specimen  holder  which  was  attached  to  the  belt  sander  by  a 
parallelogram  arrangement  of  mechanical  linkages.  The  linkages  were  pivoted  about  a 
back  upright,  such  that  the  specimen  holder  could  be  raised  from  and  lowered  to  the 
abrading  surface.  The  test  specimens  fitted  into  a  slight  recess  in  the  specimen 
holder  and  wete  held  securely  in  place  by  a  vacuum  created  behind  the  specimen  by  the 
vacuum  pump  (fig.  1). 

Figure  2  shows  a  detailed  sketch  of  the  test  apparatus  in  the  locked  (upper 
position)  and  test  (lower  position)  configurations,  where  the  upper  position  is  shown 
by  dashed  lines.  The  specimen  holder  remained  perpendicular  to  the  abrading  surface 
because  of  the  parallelogram  linkage  arrangement.  As  the  specimen  wore,  this 
arrangement  kept  the  load  normal  to  the  abrading  surface.  Loads  were  applied  to  the 
specimen  by  placing  lead  weights  on  a  rod  attached  to  the  specimen  holder.  A  coun¬ 
terweight  was  used  to  offset  any  lead  applied  to  the  specimen  by  the  weight  of  the 
linkages  and  the  specimen  holder. 

Ins trumentation The  test  apparatus  was  instrumented  with  a  load  cell  located 
in  the  lower  linkage  arm  (fig.  2).  During  abrasion  test  runs  the  friction  force 
developed  between  the  specimen  and  the  belt  produced  a  tensile  force  in  the  lower 
arm.  The  strain  induced  by  this  tensile  force  was  converted  by  the  load  cell  into  an 
electrical  signal  which  was  amplified  and  filtered  througli  a  10-Hz  low-pass  filter. 
The  signal  was  then  fed  to  a  two-channel  strip-chart  recorder  to  provide  a  force  data 
trace.  This  force  measurement  was  used  to  calculate  the  friction  and  normal  forces 
from  a  static  analysis  of  the  specimen  holder  given  the  applied  load,  the  angle  of 
inclination  of  the  linkage  arms,  and  the  holder  dimensions. 

The  test  apparatus  was  also  instrumented  with  a  limit  switch  (fig.  1'.  The 
limit  switch  triggered  an  event  marker  on  the  strip-chart  recorder  when  the  test 
specimen  was  lowered  to  the  abrading  surface  at  the  start  of  a  test  run.  When  the 
run  was  complete,  the  test  specimen  was  raised,  the  limit  switch  was  released,  and 
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the  event  marker  returned  to  its  original  position.  Hie  test  run  time  was  then 
determined  by  counting  the  length  ot  travel  of  the  event  marker  and  dividing  that 
value  by  the  chart  speed. 


Procedu  re 

Prior  to  testing,  all  pertinent  data  such  as  test  specimen  thickness  and  mass 
and  test  parameters  such  as  load,  belt  velocity,  and  belt  texture  (indicated  by  grit 
size)  were  recorded.  Test  specimens  were  abraded  for  approximately  5  sec.  Ibis 
length  of  time  was  sufficient  to  got  an  adequate  force  data  trace,  yet  short  enough 
to  prevent  clogging  of  the  belt  with  debris.  Following  the  test,  the  test  specimen 
mass  was  measured  and  recorded.  Hie  specimen  holder  and  linkage  assembly  was  then 
adjusted  horizontally  to  allow  for  another  test  run  with  a  new  specimen  on  an  unused 
track  of  the  belt.  In  this  manner,  three  abrasion  tests  were  performed  per  belt  with 
each  test  being  run  on  a  new  belt  surface. 

Specimens 

A  schematic  drawing  of  a  typical  abrasion  test  specimen  is  shown  in  fiqure  3. 
Thicknesses  of  the  specimens  varied,  depending  on  the  material.,  and  ranged  from 
0.20  to  0.30  in.  A  45°  bevel  on  the  front  edge  of  the  specimen  helped  to  smooth 
the  initial  contact  of  the  specimen  to  the  abrading  surface.  Figure  3  also  lists 
the  types  of  aluminum  and  composite  materials  tested,  giving  the  lay-up  of  each 
of  the  composite  specimens.  Aluminum  2024-T4  is  a  readily  available  stock  alumi¬ 
num.  The  T300/52081  is  a  standard  commercial  graphite -epoxy  composite  in  wide  use 
today.  Kevlar  49/934-  is  a  popular  aramid-epoxy  composite,  also  commercially  avail¬ 
able.  ihree  additional  graph! te -epoxy  materials  ( T300/13P-907,  T300/Fibredux  920, 
and  T300/Ciba  4^)  chosen  for  testing  are  toughened-resin  composi tes .  Hie  epoxy  resin 
in  these  three  materials  has  been  modified  by  additives  and  chemical  formulations 
to  make  them  tougher  and  more  damage  tolerant.  Typically  these  resin  systems  have 
higher  ultimate  tensile  strengths  and  higher  ultimate  strains  than  the  5200  epoxy 
resin.  Additional  information  on  these  materials  is  given  in  reference  2,  which 
describes  a  study  of  toughened-resin  composi tec  for  impact  damage  tolerance. 

The  test  specimens  used  to  evaluate  the  effect  of  fiber  orientation  on  wear  rate 
were  constructed  from  a  24-ply,  unidirectional  panel  of  AS4/3502^  grapi.te -epoxy  com¬ 
posite  material.  A  set  of  eight  specimens  was  cut  from  the  panel  such  that  all 
fibers  in  the  tent  specimen  were  oriented  at  0°  (parallel)  to  the  sliding  direction. 
Another  set  of  eight  specimens  was  cut  having  fibers  oriented  at  15°  to  the  sliding 
direction.  In  all,  specimens  having  fibers  oriented  at  0°,  15°,  30°,  45°,  60°,  and 
90°  to  the  sliding  direction  were  constructed  from  the  unidirectional  panel  and  used 
for  abrasion  testing. 


Thor  riel  300  (T300)  graphite  fiber  is  manufactured  by  Union  Carbide  Corporate,  on; 
5208  epoxy  resin  is  manufactured  by  Narmco  Materials,  a  subsidiary  of  Celanese 
Corporation. 

^Kevlar  49  aram.id  fiber  is  manufactured  by  E.  I du  Pont  de  Nemours  &  Co.,  Inc.; 
934  epoxy  resin  is  manufactured  by  Fiberite  Corporation. 

^BP-907  epoxy  resin  is  manufactured  by  American  Cyanami d  Corporation; 

Fi.bredux  920  and  Ciba  4  epoxy  resins  are  manufactured  by  Ciba  Geigy  Co.  Ciba  4  is  a 
specially  prepared  epoxy  resin  not  available  commercially. 

4AS4/3502  graphite-epoxy  composite  is  a  prepreq  manufactured  by  Hercules 
Incorporated. 
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Parameters 


Pressure  conditions.-  The  effect  of  pressure  on  specimen  wear  rate  was  deter¬ 
mined  for  each  material  at  pressures  of  2.0,  3.2,  and  4.8  psi.  Typical  loading  con¬ 
ditions  on  the  skin  panels  of  a  transport  airplane  during  an  emergency  belly  landing 
would  fall  in  the  range  of  2.0  to  3.0  psi.  These  test  pressures  were  achieved  by 
placing  5-,  8-,  and  12-lb  lead  weights  on  the  rod  above  the  specimen  holder  normal 
to  the  test  specimen.  All  tests  to  determine  the  effect  of  load  on  friction  and  wear 
behavior  were  performed  on  No.  36  grit  aluminum  oxide  belts  at  a  belt  velocity  of 
36.4  mph. 


Surface  texture.-  Standard  6-in.  by  48-in.  aluminum  oxide  abrasive  belts  with 
grit  sizes  ranging  from  No.  36  to  No,  GO  were  used  to  simulate  a  runway  surface. 

This  range  of  grit  sizes  was  selected . based  on  the  average  surface  texture  depths  of 
these  belts  as  measured  with  the  grease  sample  technique  (ref.  3),  which  has  evolved 
as  a  method  of  classifying  runway  surfaces.  This  technique,  illustrated  in  figure  4, 
involves  marking  a  constant  width  on  the  surface  to  be  tested  and  spreading  a  known 
volume  of  grease  evenly  within  the  marked  region,  filling  the  crevices  and  covering 
as  much  of  the  surface  as  possible.  The  volume  of  grease  used  divided  by  the  sur¬ 
face  area  covered  is  the  average  surface  texture  depth. 


Figure  5  (from  data  in  ref.  4)  shows  the  various  surface  types  and  classes  of 
runways  and  the  average  surface  texture  depths  measured  for  runways  within  each 
class.  The  texture  depth  range  of  0.01  to  0.02  in.,  shown  as  the  shaded  region  in 
figure  5,  is  considered  typical  for  runway  surfaces.  Therefore,  to  simulate  a  run¬ 
way  surface,  abrasive  belts  with  texture  depths  in  or  near  this  range  were  desired; 
as  shown  in  figure  6,  belts  having  surface  textures  within  or  near  the  0.01-  to 


0.02— in.  range  were  those  with  No.  36,  No.  40,  No.  30,  and  No.  60  grit  si^es. 


The  effect  of  surface  texture  on  specimen  wear  rate  was  determined  for  each  type 
of  test  specimen  using  belts  with  the  grit  sizes  given  above.  During  these  tests, 
the  pressure  applied  to  the  specimen  was  3.2  psi  (8  lb  load)  and  the  belt  velocity 
was  36.4  mph,  so  the  only  variable  in  the  tests  was  surface  texture. 


Velocity  range.-  Typical  touchdown  velocities  of  transport  airplane  are  approxi¬ 
mately  140  to  160  mph.  This  high  velocity  range  was  unattainable  with  the  motor 
drive  system  cf  the  belt  sander.  However,  by  altering  the  pulley  ratios,  a  range  of 
velocities  was  achieved  for  testing.  Tests  ac  16.0,  36.4,  32.0,  and  68.0  mph  were 
performed  on  each  test  material  at  a  pressure  of  3.2  psi  using  a  No.  36  grit  belt. 


Fiber  orientation.-  The  effect  of  fiber  orientation  on  wear  rate  was  determined 
by  conducting  a  series  of  tests  on  graphite-epoxy  composite  specimens  having  fiber 
orientations  of  0°,  15°,  30°,  45°,  60°,  and  90°  with  respect  to  the  sliding  direc  - 
tion.  Tests  on  these  specimens  were  conducted  at  3.2  psi  normal  pressure  using  a 
No.  50  grit  belt. 

Temperature .-  Four  iron-constantan  type  J  thermocouples  were  imbedded  0.080  in. 
into  the  thickness  of  each  specimen  on  the  side  opposite  the  abrading  surface.  These 
specimens  were  abraded  on  a  No.  36  grit  belt  under  a  3,2-psi  pressure  at  a  belt 
velocity  of  36.4  mph  for  approximately  20  see,.  Temperature  readings  from  each  of  the 
four  thermocouples  were  taken  every  4  sec  during  the  runs.  Temperature-tine  histo¬ 
ries  for  each  of  the  six  test  materials  were  obtained  from  these  data. 
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RESULTS  AND  DISCUSSION 


The  general  appearance  of  the  abraded  wear  surface  and  the  wear  debris  are  shown 
in  figure  7  for  typical  Kevlar,  graphite-epoxy,  and  aluminum  specimens.  Hie  wear 
surface  of  the  aluminum  specimens  contained  thin,  evenly  spaced  grooves  along  the 
direction  of  sliding.  Aluminum  wear  debris  consisted  of  small  particles  having  a 
powder-like  texture.  The  graphite -epoxy  specimens  exhibited  a  wear  surface  with  long 
grooves  similar  to  the  aluminum  specimen,  although  the  graphite-epoxy  surfaces  were 
smoother  and  the  grooves  were  not  quite  as  deep.  Wear  debris  from  these  specimens 
consisted  mainly  of  fine  particles  interspersed  with  some  pieces  of  broken  fibers. 

The  Kevlar  specimens  were  unique  in  both  the  appearance  of  the  wear  surface  and  i  r. 
the  wear  deoris.  The  wear  surface  of  a  Kevlar  specimen  (fig.  7)  showed  the  charac¬ 
teristic  groove  markings,  although  the  grooves  were  smooth  and  irregularly  spaced. 

In  addition,  areas  of  the  surface  were  covered  with  rough  patches  where  fibers  had 
been  shredded  from  the  surface.  As  the  fibers  were  pulled  from  the  surface  of  the 
specimen  they  tended  to  break  apart  and  form  a  fluffy  clump  of  material  having  a 
texture  resembling  cotton.  During  test  runs  this  clump  of  wear  debris  would  collect 
at  the  back  edge  of  the  specimen,  grow,  and  then  completely  detach  from  the  specimen. 

In  the  following  sections,  the  effects  of  independently  varying  four  test  vari¬ 
ables  (pressure,  surface  texture,  belt  velocity,  and  fiber  orientation)  on  the  wear 
behavior  of  six  different  specimens  are  discussed  and  comparisons  are  made  between 
materials.  In  particular,  the  discussions  concentrate  on  how  the  specimen  wear  rate 
:s  affected  by  the  test  variables.  The  wear  rate  is  defined  to  be  the  reduction  in 
specimen  thickness  per  unit  of  run  time  and  is  calculated  from  the  following 
equation: 


(1  -  m  /m.  )h . 

.  f  l  l 

Wear  rate  -  - - - - 

r 


where 

hi 

initial  thickness 

ini 

initial  mass 

mf 

final  mass 

tr 

run  time 

Thus,  wear  rate  was  computed  in  dimensions  of  inches  per  second.  Wear  rate  was 
chosen  as  the  dependent  variable  for  this  investigation  as  opposed  to  wear  volume  or 
wear  volume  per  time.  Although  all  specimens  were  abraded  for  approximately  5  sec, 
there  was  no  precise  control  on  run  time.  Therefore,  some  specimens  were  abraded  for 
4.7  sec,  some  for  5.2  sec,  and  so  forth.  Because  the  wear  behavior  is  described  in 
terms  of  the  specimen  wear  rate,  the  results  become  independent  of  the  minor  varia¬ 
tions  in  run  time.  In  addition  to  the  variations  in  wear  rate,  comparisons  between 
the  six  test  materials  are  made  based  on  the  coef f icient-of -friction  data  and  on  the 
temperature-time  histories. 


5 


Wear  Behavior 


Effect,  of  pressure.-  The  specimen  wear  rate  as  a  function  cf  normal  pressure, 
shown  in  figure  8,  exhibited  a  linear  relationship  for  the  six  materials  tested. 

Each  data  point  on  the  graph  represents  the  average  of  two  or  three  individual 
tests.  A  least-squares  linear  curve  fit  was  made  through  the  points.  TUese  results 
agree  with  the  findings  of  several  other  investigations,  which  report  a  similar 
linear  relationship  between  wear  of  materials  and  applied  load  (refs,  5  to  7). 

The  aluminum  2024-T4  specimen  exhibited  the  lowest  overall  wear  rate  and  the 
smallest  increase  in  wear  rate  with  pressure  of  all  the  materials  tested.  The  stan¬ 
dard  graphite-epoxy  (T300/5208)  and  the  Kevlar  49/934  specimen  had  the  lowest  wear 
rates  of  the  composite  materials  tested.  The  three  toughened-resin  composites  showed 
the  highest  wear  rates  at  the  pressures  tested,  with  the  T300/Eibredux  920  material 
being  the  highest  as  well  as  having  the  largest  increase  with  pressure.  The  most 
important  result  of  this  particular  test  was  not  the  linear  nature  of  the  curves  but 
the  large  difference  in  wear  rates  between  the  materials  tested,  as  illustrated  in 
figure  9.  The  wear  rates  for  each  material  at  the  3.2-psi  pressure  are  plotted  as  a 
bar  chart.  The  wear  rates  of  the  composite  materials  range  from  about  5  to  8  times 
higher  than  that  of  the  aluminum.  The  increase  in  wear  rate  from  the  standard 
grap'nite-epoxy  composite  to  the  toughened-resin  composite  is  also  illustrated.  Since 
the  same  fiber  (T300)  was  used  in  both  the  standard-resin  and  in  the  toughened-resin 
composites,  the  increase  in  wear  rate  is  assumed  to  be  a  resin-controlled  property. 
The  toughened-resin  systems  have  been  modified  to  increase  their  resistance  to 
impact  damage,  and  consequently  they  are  more  energy  absorbent  and  ductile  than  the 
5208  standard  resin.  However,  because  of  this  characteristic,  these  materials  wear 
faster  under  identical  test  conditions. 


Effect  of  surface  texture.-  Hie  effect  of  varying  the  surface  texture  on  the 
wear  rates  of  the  six  materials  tested  is  shown  in  figure  10.  Each  data  point  is 
the  average  of  two  or  three  individual  test  runs,  and  a  least-squares  linear  curve 
fit  was  derived.  The  curves  indicate  wear  rate  was  linearly  dependent  on  surface 
texture;  however,  the  response  was  not  highly  sensitive  to  increases  in  surface 
texture  in  the  range  tested.  Aluminum  appears  to  have  the  least  dependence  on 
texture  and  the  lowest  wear  rate  by  an  order  of  magnitude.  The  curves  of  the  com¬ 
posite  materials  tested  have  a  slightly  higher  gradient,  with  the  standard  graphite- 
epoxy  material  exhibiting  the  lowest  wear  rates  of  the  composite  materials  under  the 
test  conditions.  Previous  investigations  on  aluminum  and  other  metallic  materials 
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depths  greater  than  0.006  in.,  the  gradient  of  wear  rate  versus  texture  increased 
only  slightly  for  most  metallic  materials  (refs.  6  to  8).  The  texture  range  in  the 
present  investigation  (0.01  to  0.02  in.)  is  well  above  the  0. 006-in.  transition 
point,  and  the  results  agree  with  trends  discussed  in  previous  studies. 


Effect  of  belt  velocity.-  Results  of  the  abrasion  tests  performed  at  belt  veloc¬ 
ities  of  16.0,  36.4,  52.0,  and  68.0  mph  are  shown  in  figure  11.  The  data  points  at 
16.0,  36.4,  and  52.0  mph  represent  the  average  of  two  or  three  individual  test 
runs.  A  single  test  was  run  at  the  68.0-mph  velocity.  A  least-squares  linear  curve 
fit  was  used  to  obtain  the  line  through  the  points  as  before.  The  curves  indicate  a 
linear  relationship  between  wear  rate  and  belt  velocity. 

Nathan  and  Jones  (ref.  7)  found  that  the  wear  of  aluminum  was  not  particularly 
sensitive  to  velocity.  Their  experiments  were  performed  on  finely  textured  abrasive- 
grit  paper  at  much  lower  velocities  and  pressures.  Figure  11  shows  that  aluminum 
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had  a  much  lower  wear  rate  than  the  composite  materials  tested  for  a  given  velocity. 
Also,  in  agreement  with  the  findings  of  Nathan  and  Jones,  the  aluminum  wear  rate  as  a 
function  of  velocity  has  a  much  lower  gradient  than  that  of  the  composite  materials. 
The  gradient  of  the  curves  for  each  of  the  composite  materials  is  approximately  the 
same  and,  as  in  the  previous  tests,  the  standard  graphite-epoxy  composites  showed 
less  wear  than  the  toughened-resin  composites  at  each  velocity. 

Effect  of  fiber  orientation.-  Results  of  the  tests  to  determine  the  effect  of 
fiber  orientation  on  wear  rate  in  composite  materials  are  shown  in  figure  1 2.  Hie 
data  shew  that  the  least  wear  occurred  when  the  fibers  were  parallel  (0°)  to  the 
sliding  direction,  and  the  greatest  wear  occurred  when  the  fibers  were  transverse 
(90°)  to  the  sliding  direction.  Wear  rate  increased  linearly  with  angle  of  orienta¬ 
tion  between  the  two  extremes. 

A  study  in  which  the  effect  of  orientation  on  the  wear  of  carbon-fiber  rein¬ 
forced  polyester  resin  sliding  against  hardened  tool  steel  (ref.  9)  found  the 
greatest  wear  occurred  when  the  carbon  fibers  were  oriented  parallel  to  the  sliding 
direction.  These  results  are  exactly  opposite  to  the  results  obtained  in  this 
investigation.  Hie  difference  in  the  findings  may  be  explained  by  the  choice  of 
sliding  surfaces.  The  wear  of  graphite -epoxy  composites  against  hardened  tool  steel 
may  occur  by  different  wear  and  abrasion  modes,  than  wear  against  very  coarse  alumi¬ 
num  oxide  material,  and  therefore  a  comparison  between  the  results  of  the  two 
investigations  probably  should  not  be  attempted. 
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Coef f icient-of -Friction  Data 

The  frictional  forces  developed  between  the  test  specimen  and  the  sliding  abra¬ 
sive  surface  were  calculated  from  a  static  analysis  of  the  specimen  holder  (sketched 
below)  given  the  applied  load  P,  the  angle  of  inclination  of  the  linkage  arms  0, 
and  the  force  output  measured  from  the  load  cell  F^.  Typical  force  traces  from  the 
load  cell  for  the  six  test  materials  under  identical  test  conditions  are  shown  in 
figure  13.  The  coefficient  of  friction  p  is  derived  from  the  computed  frictional 
force  based  on  the  measured  force  in  the  lower  linkage  arm. 


P 
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F  -  F  (cos  0) 
L 
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N  =  P  +  F  (sin 
Li 


Plots  of  the  coefficient  of  friction  as  a  function  of  pressure,  of  surface  tex¬ 
ture,  and  of  velocity  are  shown  in  ligure  14  for  each  of  the  six  test  materials. 

There  are  only  slight  variations  in  coefficient  of  friction  with  any  of  the  test- 
variables.  The  data  from  each  of  these  tests  were  used  to  compute  an  average  coeffi¬ 
cient  of  friction  for  each  of  the  test  materials.  These  average  values  are  shown  as 
a  bar  chart  in  figure  15.  Aluminum  exhibited  the  highest  coefficient  of  friction, 
approximately  0.20.  The  standard  graphite-epoxy  composite,  however,  had  an  average 
coefficient  of  friction  of  about  half  that  value.  Kevlar  and  the  toughened-resin 
composites  had  somewhat  highet  coefficients  of  friction  than  the  standard  graphite- 
epoxy,  though  not  as  high  as  aluminum.  These  data  imply  that  under  the  conditions  of 
an  airplane  belly  landing,  a  transport  with  a  standard  graphite-epoxy  composite  skin 
could  slide  twice  as  far  as  a  similar  transport  with  an  aluminum  skin,  and  consequent 
wear  would  be  several  times  greater. 


Temperature  Data 

Temperature  variation  during  the  abrading  process  was  obtained  by  averaging  the 
four  temperatures  measured  with  the  thermocouples  imbedded  into  the  test  specimens. 
(See  fig.  16.)  Specimens  were  abraded  for  approximately  20  sec  and  temperature  read¬ 
ings  were  taken  every  4  sec.  The  increase  in  temperature  with  time  for  these  tests 
was  highly  nonlinear  and  is  a  function  of  several  factors,  including  the  coeffi¬ 
cient  of  friction,  the  conductivity  of  the  specimen  material,  and  the  specimen  wear 
rate.  The  wear  rate  is  important  because  the  source  of  heat,  which  is  the  friction 
developed  at  the  contact  surface,  was  constantly  moving  closer  to  the  thermocouples 

t’ho  foct-  nrihrtrooco^ 

- -  - -  - - - 

Figure  16  shows  that  the  aluminum  reached  the  highest  temperature,  approxi¬ 
mately  180°F,  during  a  16-sec  run  and  had  the  greatest  rate  of  increase  in  tem¬ 

perature  with  time.  The  T300/BP-907,  Kevlar  49/934,  and  T300/Ciba  4  materials 
had  a  tempera ture-time  response  similar  to  the  aluminum,  though  their  maximum  tem¬ 
peratures  reached  during  the  test  run  were  not  as  high  (approximately  140°F).  The 
T300/Fibredux  920  and  T300/5208  materials  heated  at  a  slower  rate,  and  the  maximum 
temperatures  attained  after  16  sec  of  abrasion  were  considerably  lower  than  the 
aluminum.  It  should  be  noted  that  the  temperatures  reached  by  the  composite  mater¬ 
ials  after  16  sec  of  abrasion  were  approximately  half  their  normal  cure  temperature. 

Also,  the  major  temperature  increase  for  all  the  test  materials  occurred  after  about 
8  sec  of  abrasion.  The  test  specimens  in  the  previous  tests  were  abraded  for  approx¬ 
imately  5  sec,  thus  falling  in  the  constant  temperature  range.  Consequently,  the 
results  of  the  previous  tests  should  not  have  been  influenced  by  possible  temperature 
effects . 


8 


CONCLUDING  REMARKS 


The  objective  of  this  investigation  was  to  compare  the  friction  and  wear 
response  of  aluminum  and  composite  materials  when  subjected  to  loading  conditions 
similar  to  those  experienced  by  the  skin  panels  on  the  underside  of  a  transport  air¬ 
plane  during  an  emergency  sliding  landing  on  a  runway  surface.  A  laboratory  experi¬ 
ment  was  developed  to  simulate  these  conditions.  Four  types  of  materials  (aluminum, 
standard  graphite-epoxy  composite,  aramid-epoxy  composite,  and  toughened-resin  com¬ 
posites)  were  used  to  fabricate  small  skin  test  specimens.  The  specimens  were 
abraded  under  conditions  of  varying  pressure,  surface  texture,  surface  velocity,  and 
fiber  orientation.  In  addition,  thermocouples  were  imbedded  in  the  specimens  to 
obtain  a  temperature-time  history  during  abrasion. 


Comparisons  between  the  behaviors  of  the  various  materials  were  made  based  on 
wear  rates,  coef f icient-of-f riction  data,  and  temperature  responses.  Major  findings 
of  this  investigation  include: 

1 .  Wear  rate  for  both  the  aluminum  and  the  composite  materials  was  a  linear 
function  of  pressure,  velocity,  and  surface  texture. 


2.  In  composite  materials,  wear  rate  was  a  linear  function  of  fiber  orientation, 

with  the  least  wear  occurring  when  the  fiber  direction  was  parallel  to  the 
sliding  direction. 

3.  The  coefficient  of  friction  for  the  standard  graphite-epoxy  composite  was 

approximately  half  that  for  aluminum. 

4.  Toughened-resin  composite  materials  and  aramid-cpcxy  composite  exhibited 

coefficients  of  friction  of  the  same  magnitude  as  aluminum,  but  wore  faster 
than  the  standard  graphite-epoxy  composite. 

5.  The  temperature-time  response  of  both  the  aluminum  and  the  composite  mate¬ 

rials  was  highly  nonlinear,  with  aluminum  reaching  the  highest  temperature 
during  abrasion  for  a  specified  time. 


Langley  Research  Center 

National  Aeronautics  and  Space  Administration 
Hampton.-  VA  23665 
December  12,  1983 
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TEST  MATERIALS 


Material 

Lay-up 

Aluminum: 

2024-T4 

Composite : 

T 300/5 208 

Kevlar  49/934 
T300/BP--907 
T300/Fibredux  920 
T300/Ciba  4 

(+4 5/0/90/+4 5/0/90) 

( +45/ 0  / '+4 5/0 ^/+4  5/ 0/ 90 ) 2g 

Figure  3.-  Schematic  drawing  of  a  typical  abrasion 
specimen  and  a  list  of  the  types  of  aluminum  and 
composite  materials  used  in  abrasion  tests.  Drawing 
dimensions  are  in  inches  unless  otherwise  noted. 


tration  of  grease  sample  technique  to  determine  texture  depth  of  aluminum  oxide 

grit  belts. 


Figure  5.-  Classification  of  runway  surfaces.  Texture  depths  measured  by 
grease  or  sand  patch  methods.  (From  data  in  ref.  4.) 
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Figure  7.-  General  appearance  of  wear  surface  and  wear  debris  particles  for  typical  Kevlar, 
graphite-epoxy,  and  aluminum  specimens.  Wear  debris  shown  is  not  indicative  of  volume  o 
wear  for  each  specimen  type. 
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Figure  11.-  Wear  rate  as  a  function  of  belt  velocity  for  the 
No.  36  grit  belt  and  a  3.2-psi  pressure. 
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Figure  12.-  Wear  rate  as  a  function  of  fiber  orientation  for 
AS4/3502  graphite -epoxy  composite  at  a  belt  velocity  of 
36.4  mph  for  the  No.  50  grit  belt  and  a  3.2-psi  pressure. 


7.5 


5.0 


lb 


2 . 5  r 


Al  2024-T4 


T300/BP-907 


_i _ i - 1 - 1 - 


7.5 


F  ,  lb 

Li 


5.0 


2.5 


T300/5208 


a * '. \  1  ’’  >'V ‘Ay’-'' '"V  Jx- ^r^A, 'A*., 

aV 


T300/Fibrcdux  920 


7.5 


Kevlar  49/934 

T300/Ciba  4 

,  . .  5.0 

lb 

- 

2.5 

f - 1 

J _ i _ j _ j. _ i  .  _ i 

i_J  1 

—L - — i  _ —J - 1 _ _ _ 1  -  - 1  J 

0  123456  0  1  23456 

Time ,  sec  Time ,  sec 


Figure  13.- 


Force  traces  from  load  cell  during  abrasion  test  runs  at  a  belt  velocity 
of  36.4  mph  for  the  No.  40  grit  belt  and  a  3.2-psi  pressure. 
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Figure  14.-  Coefficient  of  friction  as  a  function 
of  pressure,  of  surface  texture,  and  of  belt 
velocity. 
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Figure  16.-  Temperature  as  a  function  of  time  for  six  test  materials. 
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16.  Abstract 

Friction  and  wear  behavior  was  determined  For  small  skin  specimens  under  abrasive 
loading  conditions  typical  of  those  occurring  on  the  underside  of  a  transport  air¬ 
plane  during  an  emergency  belly  landing.  A  test  apparatus  consisting  of  a  standard 
belt,  sander  provided  the  sliding  surface.  Small  test  specimens  constructed  of 
aluminum,  standard  graphite -epoxv  composite,  aramid-opoxy  composite,  and  toughenod- 
resin  composites  were  tested  under  a  range  of  pressures,  belt  velocities,  and 
belt-surface  textures.  The  effects  of  these  test  variables  on  the  wear  rate  and 
tiie  coefficient  of  friction  are  discussed  and  comparisons  are  made  between  the 
composite  materials  and  aluminum.  The  effect  of  fiber  orientation  in  the  composite- 
materials  on  wear  rate  was  also  investigated.  In  addition,  tests  were  performed 
in  which  thermocouples  were  imbedded  into  the  various  test  specimens  to  obtain 
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